A guided-ion beam study of the reactions of N+ 4 with H2, HD, and D2: An evaluation of pseudo-Arrhenius analyses of ion-molecule reaction systems J. Chem. Phys. 96, 1046 (1992) (Received 8 January 1993; accepted 8 February 1993) Absolute cross sections are measured for the reactions of ot (X 2IIi with H2 , D 2 , and HD from thermal energies to over 4 eV. The OH+ +OH, HOt +H, 0 +'H 2 0, and H 2 0+ +0 product channels (and the corresponding isotopic analogs) are observed, although Ht +0 2 is not. While the first three products appear at their thermodynamic thresholds, formation of H 2 0+ +0, the least endothermic channel, exhibits a barrier to reaction. In the HD system, the DOt product ion is strongly favored over the HOt product. Results for internally excited ot reactants, probably the a 4IIu state, are also presented. Analysis of the excitation functions, molecular orbital arguments, and statistical kinetic theories are used to understand the mechanisms and dynamics of this reaction. It is shown that the inefficiency of the 0+ product channel is due to spin and symmetry constraints. The other three product channels proceed through a long-lived intermediate, but formation of this intermediate from reactants requires surmounting a barrier measured to be 1.1±0.1 eV. The intramolecular isotope effects are shown to be due to statistical and dynamic effects.
I. INTRODUCTION
The reactions of ot with molecular hydrogen have been of significant interest over the past three decades, and various aspects of these reactions have been investigated.
Several studies have examined the thermal reactivity of ot and these show that the X 2IIg ground state is unreactive with H2 while the metastable a 4IIu state reacts efficiently.I-4 State-specific relative cross sections have been measured for ot consisting of the v = 19 and 20 vibrational levels of ot (X 2IIg) and for the v = 0-7 levels of metastable ot (a 4IT u )' 5 However, these studies included only reactions with H2 and HD to produce Ht, HOt, and DOt at only one kinetic energy, 0.25 eV in the H2 system and 0.4 e V in the HD system.
More detailed studies of the reactions of ground state ot with H2 come from the work of Mahan and coworkers. 6 In order to probe the dynamics of the title reactions, they measured differential cross sections for the product ions. They established that OH+ and HOt are produced through a long-lived intermediate at low interaction energies, but above ~ 5 e V, these reactions proceed via a direct mechanism. The observed isotope effects in the reaction with HD corroborated these conclusions, as did studies by Ding and Henglein. 7 Mahan's studies also demonstrated that H 2 0+ formation proceeds through a longlived intermediate, even at 6 eV. However, the intensity of this product was less than those of OH+ and HOt, even though formation of H 2 0+ is the least endothermic reaction channel. This suggested that H 2 0+ formation is restricted by either an energy barrier or dynamic constraints. Based on molecular orbital correlation arguments 8 and appearance energy measurements of Foner and Hudson, 9 Mahan and co-workers concluded that there is a 2.5±0.5 a)Present address: NASA, Johnson Space Center, Houston, TX 77058. eV barrier in the entrance channel of the ot +H2 reaction. 6 In the present work, we use guided ion-beam mass 'spectrometry to examine the reactions of vibrationally cold ground-state ot (X 2ITg) with H2 , D2 , and HD. We measure the energy dependence of the absolute integral cross sections from thermal energy to over 4 e V in the centerof-mass frame of reference. Results for internally excited ot ions reacting with D2 and HD are also presented. Although the assignment of the state of these ions is equivocal, the results are consistent with the dominant state being the a 4IIu el~ctronic state. The experimental excitation functions are analyzed in detail and interpreted by extending the molecular orbital correlation arguments of Mahan 8 and by comparison with results of statistical phase space theory (PST) and with a theory that considers a tight transition state.
Previously in our laboratory, we have applied PST to several atom-diatom ion-molecule reactions by adapting computer programs from Bowers, Chesnavich, and others. 1O In such systems, the PST calculations modeled experimental reaction cross sections extremely well, and provided information on the thermochemistry,11-13 reactive potential surfaces,I4 and angular momentum effects. IS However, PST calculations involving larger systems, such as the diatom-diatom title reactions, are more complicated. First, more product channels are available, and determination of the reactive potential surfaces is more complex. Second, the increased degrees of freedom require knowledge of a greater number of molecular parameters for each channel. Finally, rigorous conservation of angular momentum is complicated by the increase in rotational degrees of freedom, so that additional assumptions are required. CCalculated by using molecular information given in Table IV . dCalculated from IE(HDO) = 12.62 eV taken from Ref. 40 .
"E. R. Fisher and P. B. Armentrout, J. Phys. Chem. 94 4396 (1990) . Conversion to 0 K given by C. J. Howard, J. Am. Chem. Soc. 102, 6937 (1980) . fCalculated by using IE(H0 2 ) = 11.35 ±0.01 eV from Ref. 39. known or can be accurately estimated. The application of PST to these reactions is appropriate because the previous experiments suggest that the reactions proceed through long-lived, strongly coupled intermediates at low kinetic energies,6,7 a necessary assumption for PST. A difficulty arises, however, because there is evidence for a tight transition state in the entrance channel, 8 a feature that is not assimilated in PST calculations. To overcome this, we have also utilized a theory for translationally driven reactions as outlined by Chesnavich and Bowers,17 who adapted a treatment of Marcus,18 who in turn expanded and elaborated an idea of Safron et al.
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Thermochemistry
For reaction of 01' (X 2I1g) with H2 , there are six energetically accessible product channels in the energy range studied here. All are endothermic and are given in reactions (la)-(Sa), along with the 0 K literature endothermicities calculated by using the heats of formation given in Hereafter, we refer to the general process of reaction (Ia), (lb) , or (1c) as reaction (1), and likewise for processes (2)-(S).
II. EXPERIMENT
The ion-beam apparatus and experimental techniques used in this work are described in detail elsewhere. 2o Ions are produced as described below, mass analyzed in a magnetic sector, and decelerated to the desired translational energy. The ion beam is then injected into an rf octopole ion-beam guide, which passes through the reaction cell containing the neutral reactant gas. The pressure of the neutral gas is maintained sufficiently low to provide singlecollision conditions. The unreacted and product ions drift out of the gas chamber to the end of the octopole, where they are extracted and analyzed in a quadrupole mass filter. Finally, ions are detected by a secondary electron scintillation ion counter using standard pulse counting techniques. Conversion of the raw ion intensities to total absolute reaction cross sections and individual product cross sections was described previously.2o Except as noted below, the estimated uncertainty in the absolute cross sections is ±20%, while that of the relative cross sections is ±S%-lO%.
The absolute energy scale and distribution of ion kinetic energies are determined by using the octopole beam guide as a retarding potential analyzer. 2o Typical full widths at half maximum in the ion kinetic energy distributions are 0.4 to 0.8 eV (lab), and the uncertainty in the absolute energy scale is ±O.OS eV (lab). Laboratory energies are converted to the center-of-mass (CM) frame of reference by using the formula, E(CM) =E(lab)M/(m + M) where m and M are the masses of the ion and neutral reactants, respectively. The conversion factors used here are 0.OS93, 0.0863, and 0.112 for the H2 , HD, and D2 reactions, respectively.
Studies were performed with 01' ions made in two different ways. In early studies, an electron impact/drift cell (ElIDe) source was used. Although ionization ofmolecular oxygen is the most convenient source gas, both ground-state 01' (X 2I1g) and metastable 01' (a 4I1u) ions (lying 4.03 eV above the ground state 21 ) are produced at electron energies high enough to produce a reasonably in-tense ion beam. These ions can also be rotationally and vibrationally excited. Furthermore, direct electron impact of oxygen is impractical, because it oxidizes and destroys the ionization filament within a few hours. In contrast, the ionization filaments last for days if we ionize CO 2 by electron impact at an electron energy of 50 to 60 V. The resulting ions, cot, 0+, CO+, and ot in ratios of ~ 100:10:2:1, are injected into a 20 mm long high-pressure drift ce1l 22 containing O 2 and Ar at partial pressures of 100-120 and 140-180 mTorr, respectively. The majority of the ot ions emitted from this drift cell source are produced from reactive collisions within the drift region. We calculate that the ions undergo approximately 600 to 1000 collisions, which should serve to cool them to near the ground vibrational and electronic states.
To Figure 2 shows that the results for H2 and D2 are the same within experimental uncertainty. (The discrepancy between the cross sections for OH+ and OD+ is unlikely to be real. The cross section for OH+ has a large uncertainty because this product ion is very close in mass to the much more intense H 2 0+ product ion. In the H2 system, it was difficult to achieve conditions where both transmission and mass resolution could be optimized simultaneously.) Likewise, the total cross section in the HD system agrees with those for H2 and D2 , although the distribution of products ENERGY (aV. Lab) threshold energy, but above about 3 eV, the HOt (DOt) cross sections predominate. These results are only in partial agreement with the more qualitative measurements of Mahan and co-workers, who found that the H 2 0+ channel was of lower intensity than either the HOt or OH+ channels at the lowest energy they studied, ~ 3 e V. Both the H 2 0+ (D 2 0+, HDO+) and HOt (DOt> products reach maximum cross sections at about S eV ( Fig. 1 ), suggesting competition with reaction (6), LlH=4.478±0.OOI eV (6) and its isotopic analogs. OH+ (OD+) production is less efficient than reactions (2) and (3) at low energies, but becomes more significant at higher energies. This is because both the HOt (DOt) and H 2 0+ (D 2 0+, HDO+) products can decompose to form OH+ (OD +) in the overall process (7), ot +H 2 ..... OH+ +O+H, LlH=6.13±0.01 eV. (7) The OH+ (OD+) product formed in reaction (1) can in tum decompose to H+ +0 or 0+ +H, beginning at 6.72 and 6.7S±0.01 eV, respectively. Some of the decline in the OD+ and D 2 0+ cross sections observed at high energies in Fig. 1 may also be due to incomplete product collection, an experimental limitation that prevented obtaining accurate cross sections above ~ 4 e V CM in the H2 and HD systems.
The intensity of the 0+ product ion is extremely small (Figs. 2 and 3), even though the energetics of process (4) are comparable to reactions (1) and (2). [The cross section for reaction (4) was not measured in the H2 system due to the mass resolution constraints mentioned above.] This observation is consistent with previous results.
6 Attempts were made to measure the cross section for reaction (Sa), but no Ht was observed. The cross section for this process is likely to be small at the energies studied here, because the maximum energy examined, 4 eV, is only slightly above the threshold energy of 3.4 eV. Additionally, the experimental apparatus is not optimized in several respects for collection and detection oflow-mass products, as discussed in detail elsewhere. 27 Thus, no further attempts were made to observe reaction (Sb) or (Sc). Fig. 4 are the fractions of the total cross section attributed to the three main products, f(i) =u(i)/ u(total). In all three systems, f(OH+,OD+) is approximately constant and ranges from 0.06 to 0.10±0.04 at kinetic energies greater than 2 eV. For the other two products, f(H 2 0+,D 2 0+,HDO+) decreases simultaneously and at approximately the same rate as f(HOt ,DOt) increases. Because the total cross sections are equivalent in all three systems, this shows that there is significant competition between product channels (2) and (3), and no apparent competition with channel (1).
B. Competition and kinetic isotope effects
Shown in
Comparison of the cross section magnitudes for the HD system (Fig. 3 ) reveals an interesting intramolecular isotope effect. Specifically, above the threshold region, u(DOt)!u(HOt> is about 6±2 at 2 eV and decreases to S± 1 between 4 and S eV. This observation concurs with previous results, in which the intensity of u(DOt) exceeded that of u(HOt) by factors of ~8 at 2 eV (Ref. 6) and ~ 7 at 2.6 eV.
5 This difference can be attributed in part to the lower threshold for reaction (2c") compared with process (2c'). For reaction (1), the ratio u(OD+)/ u(OH+) is nearly unity, as might be expected because the products differ only in the location of the charge. In addition, there appears to be an intennolecular isotope effect. As can be seen in Fig. 4 c. Threshold behavior ·The threshold regions of the experimental reaction cross sections are analyzed by using the empirical model in Eq. (8), (8) Here, Eo is the translational threshold energy, E int is the internal energy of the reactants (=2kT=O.052 eV for this system), Uo is an energy independent scaling factor, and n is a variable parameter. This model has been particularly useful in describing excitation functions of endothermic reactions and in deriving threshold energies. 28 Comparison of the model to the data is performed after convoluting Eq. (8) over the experimental kinetic energy distributions. 20
Optimum values for n, uo, and Eo are found by using a nonlinear least-squares regression analysis.
In general, it is desirable to model the data over the widest possible energy range. The maximum energy is determined by the range of data taken, and by the onset of dissociative or competitive channels. Although the cross sections for reactions (1) and (2) could be modeled from threshold to 4 e V, the cross sections for process (3) could be modeled well from threshold to only 1.5-1.8 eV. This limited energy range is a result of the competition discussed above with the HOt (DOt) channel, which begins at ~ 1.7 eV. Instead of modeling the individual H 2 0+ (D 2 0+, HDO+) cross sections, we model the sum of u(H 2 0+,D 2 0+,HDO+) and u (HOt,DOt) to derive the optimized parameters. These same models also accurately describe the individual H 2 0+, D 2 0+, and HDO+ cross sections from threshold to ~ 1.5 eV.
Average results for Uo, n, and Eo for all channels are given in Table II . It can be seen that the optimized values of n lie in a small range of values, 1.4--2.2, for all reaction channels. For comparison, the thermodynamic thresholds calculated from literature thermochemistry are also listed in Table II . For both the HO+ (DO+) and HOt (DOt) products, reactions (1) and (2) (1) and (2) are easily reproduced, but not those for reaction (3).
The cross sections for reactions (4) were not analyzed in detail due to their very small size. It can be seen, however, in Figs. 2 and 3 that the apparent thresholds agree reasonably well with the literature thresholds listed above.
Overall, these analyses demonstrate that there are no activation barriers in excess of the endothermicities for reaction (1), (2), or (4), but there is for reaction (3). Based on these results alone, this barrier could lie either in the entrance or exit channel, but the electron impact ionization results of Foner and Hudson 9 suggest that it must lie in the entrance channel. The magnitude of the barrier measured here is just the average threshold found for reaction (3), 1.1 ±O.l eV. This is considerably less than that deduced by Mahan and co-workers, ~2 eV,6 and measured by Foner and Hudson, 2.5±O.5 eV. The discrepancy between our work and the ionization studies of Foner and Hudson can be attributed to the sensitivity of the two methods. In the present work, no reaction is observed until this activation barrier is surmounted, and hence we are quite sensitive to this feature of the potential energy surface. In the ionization of H 2 0 2 , the barrier is measured by observing the onset for production of ot +H 2 , a relatively minor channel compared with the other dissociation pathways of H 2 0t. This competition makes it much more difficult to observe the true threshold for ot + H2 production. This point will be illustrated further below.
D. Reaction of internally excited at
It was not the intent of this work to study the excited states of ot, largely because the identity of these states cannot be ascertained unequivocally. However, the results obtained were sufficiently interesting and in contrast to the results for ground state ot that they are also presented here.
As noted in the experimental section, excited ot* ions are observed when low pressures of O 2 are introduced into ENERGY (eV. Lab) .'
.' (f) ... and ot* show that the latter are about 30± 10% of the former at the highest kinetic energies measured. This is illustrated in Fig. 5 . This suggests that the ot* beam contains about 30 ± 10% ground state ions (although the effects of vibrational excitation in the ground state on this analysis are unknown). We can estimate the fraction of a 4rru state in the beam by examining the efficiency of reaction (2). Comparison of the cross section for production of DOt at low kinetic energies finds that it is about 36±7% of the Langevin-Gioumousis-Stevenson (LGS) collision rate.
3 ! Previous work has found that the formation of HOt + H in the reaction of ot (a 4rru) + H2 proceeds at about 56± 17% of the LGS collision rate (85% of the total reaction rate of 1.0±0.3X1O-9 cm 3 s-! compared with a LGS collision rate of 1.52X 10-9 cm 3 S-I) (Ref. 4) and 63±26% (-80%, as estimated from data shown in Fig. 10 of Ref. 3, of the total reaction rate of 1.2±0.5X 10-9 cm 3 S-I).3 These results suggest that the amount of a 4rru in our beam is about 60±25% (the average of 36/56 and 36/63). This is consistent with the independent estimate for the ground-state population made above.
Given the assignment of the reactivity observed in The present results find very small amounts of reactions (1), (3), and (4), consistent with the failure to observe these products previously. Although it is possible that these products are formed by small amounts (10%-20%) of high vibrational levels of ot (X 2IIg), the observations here suggest that these products have not been observed previously in the reactions of ot (4rru) because these channels exhibit barriers to reaction (Figs. 5 and 6) . We speculate that the small increase in these cross sections at the lowest energies (Fig. 6) is due to vibrationally excited Ot(a
There are a couple of observations that tend to support the assignment of these minor products to reaction of Ot(a 4II u ) ' One is the large increase in OD+ production observed in Figs. 5 and 6 at about 2 eV. This energy corresponds nicely to the endothermicity of reaction (7) formed. An alternative explanation for the break at 0.7 eV comes from a simple model for conservation of angular momentum in exothermic reactions. Outlined in detail elsewhere,32 this model predicts that the cross section for reaction (2b) is restricted by angular momentum considerations beginning at 0.76 eV for a reaction that is exothermic by 2.33 eV, the calculated thermochemistry for reaction of ot (a 4rr u )' This is plausible evidence that the DOt reaction does indeed correspond to this state of ot.
This assignment can be tested by examining the cross sections for HOt and DOt in the HD system. The angular momentum model predicts critical energies of 1.55 and 0.29 e V, respectively, whereas reaction (6) is endothermic by 0.49 e V for both products. The data of Fig. 6 clearly show that a(DOi) declines more rapidly than a(HOt) in qualitative agreement with the angular momentum model, although the breaks in these cross sections are not predicted as quantitatively as in the D2 system. This may be a reflection that both reaction (6) and the angular momentum restriction are involved in the declines observed in the cross sections for reactions (2c') and (2c").
IV. DISCUSSION
A. Reaction mechanisms and molecular orbital correlations
To understand the origins of the activation barrier for the reaction of ot + H2 , we need to consider the mechanism and potential energy surfaces in more detail. Simple consideration of the reaction mechanism suggests that there must be two intermediates involved. 8 Mahan did not discuss the OH+ +OH, the H 2 0+ +0, or the H 2 0+O+ product channels, nor did he consider intermediate II.
To generate such MO diagrams, the relative energies of the highest occupied and lowest unoccupied electron orbitals are required. Those for the reactants and H0 2 , H, and OH species are available from Mahan. 8 , 33 For the H 2 0 and o species, the relative energies of the highest occupied Ib 1 (H 2 0) and 2p(0) levels are derived from the ionization energies. 21 The remaining orbitals are approximated, as are the relative energies of the MO's of the intermediates. Any uncertainty in the exact position of the orbitals is unlikely to affect the qualitative conclusions. Correlations between the orbitals of the reactants and intermediates are determined by using the nodal structure of the evolving MO's in C s symmetry.8 The ground-state (GS) occupation for the reactant orbitals is shown along with the adiabatic correlation of these electrons to the intermediate orbitals. Figure 7 shows the correlation diagram for formation of intermediates I and II from the reactants. The symmetry of the orbitals in C 2v symmetry is indicated with the primary source of each orbital denoted in brackets. As noted by Mahan, the adiabatic evolution of the reactant orbitals to the HOOH+ intermediate is such that the doubly occu- 
[a*(OH)] and b 2 [a*(02)]
MO's, but this does not affect the overall correlations and so the energy of this orbital is chosen for clarity.) Mahan considered a C 2v symmetry approach of ot and H 2 , but this symmetry cannot be maintained in any real collision. Because even a plane . of symmetry is unlikely in a real collision, the appropriate symmetry to consider is C 1 symmetry. Now, there will be an interaction between the MO evolving from the agCH2) orbital and those evolving from the 17";(0 2 ) orbitals to nonbonding n(02) and antibonding 17"*(0 2 ) orbitals of the intermediate. Mahan suggested that the remnants .of these avoided crossings constitute the barrier to formation of HOOH+ from ot + H2 . Examination of the left side of Fig. 7 shows that nearly identical con- Another feature of the interaction of ot + H2 that has not been commented on previously to our knowledge is also evident from Fig. 7 . This involves where the radical electron that begins in the 1Ti ( O 2 ) orbital ends up in the intermediates. Figure 7 shows that after the avoided crossings are considered, the two 1T; (02 (1)- (3) were also constructed, but are not shown here for brevity. These diagrams indicate that the ground-state 2A" intermediates can smoothly evolve to ground-state OH+ +OH and ground-state H 2 0+ +0 products. In C s symmetry, neither intermediate correlates with ground-state HOt eA") +HCZS) products, but rather to H+ ctS) +H0 2 CZA"), 2.25 eV higher in energy. However, the doublet surfaces evolving from these two product channels will have an avoided crossing in C l symmetry, such that HOt + H can be formed from either intermediate I or II, although there is the possibility of a bottleneck along the potential energy surface leading to this product.
Reaction of ot(a 4rrJ. The correlation diagram shown in Fig. 7 can also be applied to the reaction of Ot(a 4n u ), as previously noted by Mahan. 8 The orbital configuration for this state, ~1T~-r? necessarily leads to occupation of the antibonding al[a*(OH)] orbital of both intermediates I and II. It is also worth noting that the hole in the occupation of the 1T u (02) orbital leads to a hole in the bonding electrons of the intermediates, either u (OH) or '/T(02)' Thus, ot (a 4IIJ +H2e~:) eV lower in energy. Clearly, it will be very difficult for the Ot(a 4IIu) +H2e~:) reactants to form a long-lived intermediate. Indeed, Henglein and co-workers 7 have found that reaction (2) is direct for this state. This is also consistent with the apparent barriers to reactions (1) and (3) observed in Figs. 5 and 6. 
B. Phase space theory calculations
Because of the activation barrier in the entrance channel for the interaction of ot (X 2IIg) with H2 , phase space theory (PST) cannot be directly applied to this reaction. However, the crossed beam studies of Mahan and coworkers indicate that the products of reactions (1 )- ( 3) proceed via a long-lived intermediate at energies below about 5 e V. 6 Thus, PST should be capable of describing the branching ratios between these products. This application of PST may not be completely quantitative, however, because the angular momentum of the intermediate formed by passing over the tight transition state in the entrance channel will differ from that for the "loose" transition state assumed by PST. Nevertheless, the comparison of a PST calculation to our data is edifying. In PST calculations, reactions are assumed to proceed through a strongly coupled intermediate, while total angular momentum and energy are explicitly conserved. Programs from Chesnavich and co-workers were adapted to perform the present calculations. 1O Here, loose transition states are assumed, a classical treatment is employed, and all nonlinear molecules are approximated as spherical tops.35 A further approximation is used to simplify the treatment of linear species. 16 Table IV shows the molecular constants for reactants and products used in these calculations. All vibrational degrees of freedom are treated as anharmonic oscillators, and the anharmonicities W,)'e are calculated according to a Morse potential. 36 Constants We and B for the diatomic species are taken from Huber and Herzberg. 37 Rotational constants for Hot and DOt are derived from structure calculations by Raine, Schaefer, and Handy,38 and vibrational constants are determined from these calculations and photoelectron spectra measured by Dyke et al. 39 Constants for H 2 0+, D 2 0+, and HDO+ are taken from calculations by Botter and Carlier. 4o Table V provides additional parameters needed for each reaction channel. The symmetry number listed is the product of symmetry numbers for the ionic and neutral species.
Determination of the phase space available to each reaction channel must account for the degeneracy of the electronic states. However, as Herbst and Knudson have pointed out, it is possible and necessary to exclude from the statistical sum those states that have barriers or are otherwise inaccessible. 41 This is accomplished by including for each channel i the immber of reactive potential surfaces, 
g(i).
In the case of the reactant channel only, the total number of available surfaces must be included as well. Based on the information in Table III and the considerations discussed above, one of two doublet reactant surfaces is considered to be reactive, and the product channels for reactions (1 )-(3) are accessible along this surface.
The results of these calculations are shown in Fig. 8 and can be compared directly to Fig. 4 . Qualitatively, the PST calculations reproduce the strong competition between reactions (2) and (3) and also the relative inefficiency of reaction (1). This agreement implies that the assumptions of PST hold for these reactions; namely, that all three reaction channels proceed through long-lived intermediate complexes at these energies, in agreement with the crossed beam results. (We note, however, that Mahan and co-workers attributed the inefficiency of the H 2 0 + +0 channel relative to the HOt + H channel to some dynamic constraint. The present PST results show that the dominance of the HOt + H channel is statistically governed, and can be traced to the lower vibrational frequencies and rotational constant of the latter channel.) An improvement in the quantitative agreement between the PST and experimental results can be achieved by halving the calculated cross sections for reaction (I). This can be thought of as a reduction in the number of accessible surfaces, as an increase in the symmetry number of the channel (from one to two), or as a reflection of some constraint in the reaction that is not directly considered by PST. An example of the latter could be the relative popUlation of intermediates I and II, because reaction (I) arises only from I while II can lead to reactions (2) and (3).
Phase space calculations for the D2 reaction system are similar to those shown for H 2 , although the energy at which f(DOt) =f(D 2 0+) is shifted up by about leV. Thus, PST does not reproduce the similar behavior observed between the H2 and D2 systems (Fig. 2) , a result that could be due to the inexact treatment of the angular momentum of the intermediate. PST calculations for the HD system were also performed and yield similar results to those shown in Fig. 8. [The energy at which f(HOt +DOt) =f(HDO+) is now intermediate between those energies for the H2 and D2 systems.] The calculations find that the amount ofOH+ +OD is exactly the same as OD+ +OH, in agreement with the experimental results (Fig. 3) . The PST results also find that DOt +H is favored over HOt +D by a factor of about 1.5, considerably less than the experimental ratio. This suggests that the strong enhancement of the DOt + H product channel has a dynamic as well as a statistical explanation.
Reaction of at (a 4IIJ. Because the reaction of the a 4IIu state is primarily a direct one, phase space calculations are not an appropriate way of analyzing these results. Nevertheless, PST calculations performed on this system provided some interesting results. Not surprisingly, if the thresholds for reactions (1 )- ( 3) are lowered by the excitation energy of the a 4IIu state, the production of OH+ and H 2 0+ are much larger than observed experimentally. If the thresholds for these two channels are arbitrarily increased, better agreement can be obtained. In particular, we found that if the exothermicity of reaction (1) was set to about 0.4 eV, the magnitude and shape of the OD+ cross section in Fig. 5 could be reproduced rather nicely. This result indicates that the barrier to reactions (I) and (3) need not exceed the energy of the ot (a 4IIu) + D2 reactants because the competition with reaction (2) can surpress the probability of these processes at low energies.
C. Translationally driven reaction theory
Phase space theory cannot include the effects of the tight transition state in the entrance channel; however, a modified theory developed by Marcus 18 and reformulated by Chesnavich and Bowers 17 can include such a feature. This theory states that the translational energy (E t ) dependence of the cross section for a particular reaction channel a is given by
where f.L is the reduced mass of the reactants and J is the total angular momentum. Ra(J) is the relative probability for decomposition of the intermediate complex into product channel a and is given by ka(E,J)/~ki(E,J), where the k's are the unimolecular rate constants for decomposition and the summation is over all channels. The reaction probability term P(EpJ) is given by (1I2L) The vibrational frequencies and average rotational constants for H 2 0t, D 2 0t, and HDOt (Table IV) were estimated by using the molecular constants for the neutral analogs given by Giguere and Liu,43 and adjusting the O 2 stretching frequency to account for the increased bond strength in H 2 0t vs H 2 0 2 . The low-frequency torsion mode was chosen as the reaction coordinate and anharmonicities were ignored. Molecular constants for the product channels were the same as for the PST calculations (Tables  IV and V) . The number of reactive surfaces was the single doublet surface for each channel and the symmetry number for the OH+ (OD+) channel was arbitrarily increased to two as outlined above. Endothermicities for all channels were taken as the literature values calculated above. The only remaining parameter is the height of the transition state barrier and this was set at 1.1 e V to match the experimental results.
The results of this calculation are shown in Figs. 8 and 9. Figure 8 shows that the branching ratio is very similar to the PST results. This should be the case because the Ra term in Eq. (9) is essentially equivalent to the phase space calculation, and the only difference is the distribution of angular momenta of the intermediate formed via a loose vs a tight transition state. The results shown in Fig. 9 are more impressive becaus" they show that the theory reproduces not only the product branching ratios, but also the shape and absolute magnitudes of the experimental cross sections. Comparable agreement is obtained for the H2 system. [The only major distinction between the H2 and <D2 results is that cross section for HOt is somewhat larger than for DOt such that the energy where a(HOt) equals a(H 1 0+) is lower in the H2 system by about 0.5 eV. Note that this is less of a shift than in the phase space calculations.] Even better quantitative agreement between the experimental and theoretical results could be obtained by adjusting the vibrational frequencies and rotational constant of the transition states. Also shown in Fig. 9 is the calculated cross_ section for a return to reactants after formation of the intermediate. Although the true threshold for this channel is 1.1 eV, this cross section is small and rises slowly. This confirms that formation of ot + H2 from directly ionized hydrogen peroxide is inefficient. These results demonstrate that an apparent threshold of 2.5 ±O.5 eV for this process, as observed by Foner and Hudson,9 is quite consistent with the present experimental and theoretical results. This theoretical result also shows why the conclusion of Mahan and co-workers 6 that the barrier height must be similar to the thresholds for HOt and OH+ is incorrect. They concluded that this must be so because otherwise the intermediate complex "would simply redissociate to reactants over the low barrier between reactants and complex." The calculations demonstrate that the phase space associated with the tight transition state is appreciably less than that of the other product channels, and hence, low barrier or not, the intermediate complex does not dissociate back to reactants readily.
Theoretical results for the HD system were also calculated, but as in the phase space theory results, the ratio of DOt to HOt was only 1.5. Because the theory does not accurately predict the strong enhancement of the DOt channel, it does not accurately predict the absolute cross sections nor the branching ratios for the various product channels in the HD system. The energy dependence of the various channels is accurately predicted, however, as in the results shown in Fig. 9 . Again, this failure of the theoretical model suggests that dynamic constraints dominate the intramolecular isotope effect observed here.
v. SUMMARY
Guided ion-beam mass spectrometry has been used to study the reactions of ot (X 2IIg) with H 2 , D 2 , and HD from thermal energies to over 4 eV. Four types of product ions are observed, namely OH+ (OD+), HOt (DOt), H 2 0+ (D 2 0+, HDO+), and 0+, although formation of the latter is very inefficient. All observed product channels show endothermic behavior, and analysis of the threshold behavior shows that the OH+ (OD+), HOt (DOt) , and 0+ product channels occur at the thermodynamic limit. However, a barrier to forming H 2 0+ (D 2 0+, HDO+) is observed, and the 02H2 ionization results of Foner and Hudson 9 show that this barrier is in the entrance channel. Empirical modeling of the present results yields a barrier height of 1.1 ± 0.1 e V. In all systems, the dependence of the branching ratios as a function of energy shows that the mechanisms for forming HOt (DOt) and H 2 0+ (D 2 0+, HDO+) are intimately coupled. This coupling differs in the HD system, such that the energy at which a(HOt,DOt) exceeds a(H 2 0+, D 2 0+, HDO+) is lower by about 1 e V compared to the H2 and D2 systems. Also, the HD system exhibits a significant intramolecular isotope effect in which a(DOt) exceeds a(HOt) by a factor of >5. Results attributed to reaction of ot (a 4IIu) + HD and D2 are also presented, and differ appreciably from those for ground-state reactants.
Molecular orbital correlation arguments of Mahan 8 were extended to explain the observed behavior. These can reconcile the presence of a tight transition state in the entrance channel, and also show that the inefficiency of 0+ formation is due to spin conservation. Statistical phase space theory calculations are found to reproduce the branching ratios of the three major products. This agreement implies that these reactions proceed via a long-lived intermediate, consistent with the crossed beam experiments of Mahan and co-workers 6 and results of Ding, Henglein, and Bosse. 7 Quantitative comparison between theory and experiment suggests that OH+ (OD+) formation is restricted by about a factor of 2 relative to HOt (DOt) and H 2 0+ (D 2 0+, HDO+) formation. Phase space calculations do find that DOt + H formation is favored over HOt + D formation in the HD system, in agreement with the experimentally observed intramolecular isotope effect, however, the degree of enhancement is not accurately predicted. This result suggests that this effect is not solely statistical but also has additional dynamic contributions.
Finally, we have applied the translationally driven reaction theory of Marcus!8 and Chesnavich and Bowers!7 to this system. This theory is found to accurately reproduce the branching ratios between the major products, and the energy dependence and absolute magnitUdes of these product cross sections. These theoretical results also show that reformation of the reactants from the intermediate complex is quite inefficient, in agreement with experimental results of Foner and Hudson. 9 The level of agreement between experiment and theory suggests that this theory should be quite useful for accurate predictions of absolute cross sections and energy dependences of additional reaction systems.
